Abstract -This paper covers recent work-much of it from the authors' laboratory -dealing with novel 3ß-hydroxy marine sterols possessing unusual side chains, which have hitherto not been .encountered in terrestrial sources. Aside from a description of the proof of structure and stereochemistry of these sterols, attention is also drawn to plausible models of biosynthesis and to the possible biological role in membrane function.
INTRODUCTION
The veritable flood of new steroids encountered in marine sources continues unabated and fully substantiates the prediction made by several investigators (including ourselves using a novel computerprogram (Ref. 1)) that the marine environment is likely tobe an unexcelled source for unusual steroid types, particularly sterols with modified side chains. Two questions remain unanswered -indeed they represent the main rationale for continued work in this field. (1) What are the principal biosynthetic routes leading to these unusual sterols and which organisms in the complicated food web are responsible for the generation of those structural features which have not been encountered in terrestrial species. (2) What is the biological role of these unusual sterols -is it a functional one in membranes, is it a metabolic one or do they serve as starting materials for the synthesis of hormonal or other biologically significant factors? In view of the appearance of several recent reviews (Ref. 2) which have attempted to cover the entire marine steroid chemistry field, the present article will deal primarily with selected topics from the field of marine sterols which are of particular current interest to our research group and which are largely unpublished. For the sake of the reader's convenience, we shall use the same order of presentation as has been employed by Minale The c 26 sterols are an extremely widespread class of uniquely marine steroids, all of which posse~s 2~f e unprecedented 2~~-norcholesta9e 2~f eleton. Four c 26 sterols gave been reported: (i) !J. ' (1), (ii) 5a-!J. , (iii) 5a-!J. ' (asterosterol) and (iv) !J. (halosterol) beginning with the 1970 report by Idler (Ref. 4) . Wehave recently isolated a fifth member of this class, the completely reduced 5a-24-norcholestan-3ß-ol (2) (Ref. · 5) , along with an entire series of c 27 to c 2~ 5a-stanols from the Hawaiian sponge-T~~~ios zeketi.
An early report (Ref. 6 ) of a possiDle sixth member of this class, the !J.5, isomer, in a brachiopod certainly merits further study. Sevey•al perplexing questions concerning this widespread class of sterols remain unanswered. First, despite an extensive and ongoing search notably by Barbier, et al. (Ref. 7) , the exact species or class of marine organisms producing the primary c 2 ;-sterol, probably (!), has not been identified. Sterols of this class have been found in nearly every marine invertebrate phylum (Ref. 3) , and several recent reports of c 26 sterols in sea water (Ref. 8) and marine sediments (Ref. 9 ) have confirmed the impression that these sterols are truly ubiquitous in the marine environment. Although c 26 sterols generally are present at very minor percentages in marine sterol mixtures, recently a ctenophore was discovered to contain 30% of its sterol mixture as a c 26 sterol (Ref. 10) . Second, the existence of the 24-norc26 sterolsraisesmany intriguing and unanswered biosynthetic questions. Obviously the elucidation of the mechanism of the biosynthesis of the c 26 sterols must await the discovery of the organisms which produce them, but this has not stopped speculation concerning the possible modes of their biosynthesis. Thus the discovery of the three marine 27-nor-24a-methyl cholesterols (typified by occelasterol (~)) by Kobayashi and Mitsuhashi (Ref. 11) CARL DJERASSI et al.
led to their suggestion (shared by others (Ref.
3)) that these novel c 27 sterals are generated by biological C-27 demethylation of the c 28 sterol, 24-epibrassicasterol (~) and are themselves intermediates in the biosynthesis or the c26 sterals <~·~· !) through further biodealkylation of C-26, although a specific mode of aealkylation without destruction of configuration at C-24 was not suggested. Another c 28 sterol of wide occurrence in the seas, We shall consider one other possib1e biosynthetic mechanism for the formation of the c 26 and 27-nor-c 27 sterols, and briefly explore the implications of that mechanism. If we cons1der the abunaant and wide-spread 24-ethylidene c 29 sterals (~) (fucosterol and its geometrical isomer isofucosterol) to be the starting point in the biosynthesis of C 6 and 27-nor-c 27 sterals by the reverse alkylation process involving demethylation of a ~omoallylically If the C 9 raute to the c 2 sterals does exist, then novel c 28 sterals of type~ or ~ would be expected to occur in na~ure. Compounds such as 9 would be expected to be extraordinarily difficult to separate from conventional c 28 sterols-which, coupled with their expected minor levels may explain why they have not been 1dentified previously if they da in fact exist. (doublet) . Given the presence of a ß -trisubstituted double bond (m/e 328 mass spectral peak and 5.12 5 ppm single proton NMR quartet), these two vinyl methyl-groups had to be attached to the ß double bond with C-26 being the 1.422 ppm singlet and C-30 the 1.569 doublet (which was shown tobe coupled to the 5.15 ppm quartet). Structure 13 for stelliferasterol therefore follows automatically -this being the first sterol in wnich biological methylation at both C-28 and C-27 could be demonstrated. (17) , Wittig condensation with triphenylethylphosphonium ylide and acid destruction of the i-ether protecting group afforded a mixture of all four possible isomers of structure 13, which had identical gas chromatograp~~c retention times and mass spectra, but could be distinguished by their 360 MHz proton and C NMR spectra. Separation of these isomers was only partially successful in that one isomer (C-24 epimer of natural stelliferasterol) could be isolated in a p~S state by reverse phase HPLC. This was sufficient to settle the geometry areund the ß double bond. Natural stelliferasterol (13) and its pure, synthetic C-24 epimer possess the E stereochemistry since their C-27-olefinic proton signals occurred at 5.15 ppm as compared to 5.30 ppm for the mixture of the two 25Z isomers. Furthermore, the C-26 methyl signal of stelliferasterol (13) and its 24-epimer was found at 1.42 ppm, in centrast to 1.50 ppm for the Z isomers.
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OMe !! R=C02Et ll R=H In evaluating possible biosynthetic pathways (vide infra) to stelliferasterol, it was necessary to establish its C-24 stereochemistry and this was accomplished (Ref. 20) by partial synthesis from clerosterol (18) which W. Kokke (Ref, 21) in our Labaratory had isolated from a Mexican Codium species and1;hose C-24 stereochemistry (24S) had been established earlier by Rubinstein and Goad (Ref. 22) . Conversion to the i-methyl ether and ozonolysi~ provided the key intermediate 19, which upon Wittig condensation and regeneration of the ß -3ß-hydroxy moiety led to-a readily separable (reverse phase HPLC) mixture of the 25E and 25Z isomers with the 24S configuration (20) , The 25E isomer of 20 proved to be epimeric at C-24 from stelliferasterol from whic~it follows that the natural marine sterol has the 24R, 25E stereochemistry (~).
!I.
!Q ( 24S, 25E+ Z l Stelliferasterol (13) was accompanied in the sponge by a structural isomer, which we have named isostelli~~;rasterol (Ref. 17) ~~d which was shown to have the stereostructure 21. The presence of a 6 and absence of a 6 double band was demonstrated by the mass spectrum, which exhibiteq only an ~~ 314, but rio ~~ 328 peak. Its 360 MHz NMR spectrum (Ref. 17) was again sufficiently well resolved in the ~qt~~J region to allow assignment of structure 21, including the Z stereochemistry of the 6 double band. This was based an the chemical shift of the C-25 proton (sextet centered at 2.56 ppm), which was compared to those of isofucosterol ( (18), viz. protection of the 6 -3ß-hydroxy grouping of dehydroaplysterol (12) via its i-methyl ether, ozonolysi~ to the 24-ketone 22, followed by Wittig condensation-and-regeneration of the 3ß-hydroxy-6 -system. 12 l25Sl
.!!. (24Z,25S>
A third sterol in which biological methylation has occurred at C-28 and C-27 is strongylosterol ( (23a) by ozonölysis of the i-methyl ether of strongylosterol (23a) to the 26-nor ketone, which was equilibrated with base to the C-~4 epimeric mixture 24-.--Regeneration of the side chain by Wittig condensation and of the 6 -3ß-hydroxy moiety by acid treatmentprovidedan inseparable mixture of strongylosterol (23a) and its 24-epimer 23b. The absolute configuration at C-24 could then be established by-cömparison of the relevant NMR chemical shifts in the spectra of the two isomers with those of the, synthetic (Ref. 17) stel2~{2€'sterol isomers (13,~), thus demonstrating that strongylosterol (23a) is simply the 6 -double band isomer of stelliferasterol (13) . As expected, the mass spectra of these two sterals (13 and 23a) are qualitatively identical and exhibit only minor quantitative differences.
-----
Z3b (24S)
Our recent examination (Ref. 25 ) of the sterol composition\ of the Caribbean sponge Verongula cauliformis provided two additional members of this new class of sterals with extended side chains. The first one is the C-24 lower homolog 25 of strongylosterol (23a) and as expected has virtually the same mass spectrum below ~~ 35~ Its NMR spectrum is:fülly consistent with structure 25 and its 24R stereochemistry as described above for strongylosterol (23a). the trivial name 25(26)-dehydroaplystero~ was established (Ref. 25) , in the same manner Therefore, the new sterol (~) can be given The stereochemistry at C-24(R) and C-25 (E) was settled by precisely the same means via--360 MHz NMR spectral examination of appropriate synthetic sterecisemers and is in a~regards identical with that of stelliferasterol (13) . Particularly gratifying is the observation that our "biogenetic computer prograrrt•(Ref. 1) has predicted the occurrence of all five novel sterols (13, 21, 23, 25, 26) and thus encourages us in our belief that many other biogenetically intriguing-sterols predicted by our program (Ref. 1) will still be found in nature.
Both the biogenesis and biological function of these C-26 and C-27 methylated sterols is intriguing. In each instance, this group of sterols represented the chief component of the particular sponge under investigation and in one case -Strongylophora durissima (Ref. 24 ) -it appeared tobe the only, sterol. This would suggest a functional role, most likely in the membrane (Ref. 26) , in which cholesterol is replaced by these sterols with "extended" side chains. Given the extreme structural specificity of the cholesterol geometry for optimum membrane function (Ref. 27), such a unique replacement carries with it several significant implications. The most obvious one is that the specific structural modifications exhibited by these unusual marine sterols reflect a careful structural adjustment to establish a specific associative compatibility with other membrane constituents. We believe that much can be learned about biological membrane function through a study of such a mutual specificity which has surely evolved over many hundreds of millions of years. Although the function of sterols in biological membranes is currently a very active field of research, most studies have dealt with the role of only a single sterol, cholesterol (Ref. 26 28) have shown that synthetic sterols with elongated but less branched side chains than the ones described above, do not function properly in membrane systems in which cholesterol functions well. We feel that careful studies which probe the apparent specificity between the various unusual marine sterols and the membrane systems in which they are found may well offer the key to the resolution of the general role of sterols in biological membranes. All these questions can be answered by appropriately designed experiments and in view of the great current interest in cell membr·ane structure and function, we intend to undertake such experiments shortly.
In terms of biosynthesis, no definitive conclusions can so far be derived from the few radioactive labeling experiments that have been performed (Ref. 29) in Verongia species, except to state that de novo sterol biosynthesis does not seem to occur since neither radioactive acetate or mevalonate was incorporated. The lack of incorporation of labeled methionine (Re~4 (~S~ is surprising and would suggest a purely exogenaus source for aplysterol (11) and its Ä -dehydro analog 12 or else an alternate biosynthetic route differing from the usual sterol side chain alkylation mechanism (Ref. (13) and strongylosterol (23a). In the absence of definite labeling experiments, the eventuay-isolation of c 29 
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. (38) and its congeners occur in the zooxanthellae rather than the soft coral hosts with which these symbionts live. They have also isolated trace amounts of 4-methylgorgosterol (40) , which raises the as yet unanswered question whether the unique side chain substitution pattern is generated at the stage of lanosterol (or of a partially C-4 and C-14 demethylated lanosterol precursor) with complete ring demethylation being the last step in the biosynthesis of gorgosterol, or whether the 4-methyl analog (40) is simply the end product of a side reaction. In connection with our establishment (Ref. 35 ) of the complete stereostructure 38 of gorgosterol, we speculated that brassicasterol (41), which frequently co-occurs with gorgosterol (~) ~~d possesses the same C-24 (R) stereochemistry, may be the key biogenetic precursor and that fi -23,24-dimethylated precursors might exist in nature. This prediction has since been verified by Kanazawa However a different order of methylation is not inconceivable, especially since the first C-23 side chain monomethylated sterol, 24- (47) is present in nature, it has been mistaken for one of the common 24-methyl isomers.
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The situation is somewhat simplified when dealing with side chain-methylated cholesterols which possess additional unsaturation at the site of alkylation. If enough material is available, then ozonolysis provides unambiguous evidence of the side chain structure, as was the case in the structure proof of dinosterol (44) In summary, a concerted search for 22-and 23-monomethyl sterols is warranted, but it should be realized that some may be product~2 of side chain dealkylation and hence may not necessarily imply a direct alkylation of a 6 -unsaturated sterol. We have already commented upon this point by describing the possible generation of 24-demethyldinosterol (45) 
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We should now like to conclude with some consideration of the puzzling role of the occurrence of cyclopropane rings in the side chain of marine sterols, The question of whether they play a biological role (membrane or other function) or are metabolic "dead ends" is so far totally unanswered. So is their biosynthesis, but it is likely that this will be settled first and some speculations seem warranted at this time. (44) (Ref. 41 ) from an appropriately modified nuclear precursor], while C-23 proton migration to 55b followed by C-24 proton ejection would 12~d to 43, which has also been encountered (Re~40) in nature. A secend alkylation of the 8 -double bond of 42 at C-22 would proceed, via. the carbonium ion ~ and C-30 proton expulsion, to gorgosterol (38) . The alt22nativ2 3 c-22-or C-24 proton loss from 56 could generate a 22,23,24-trimethyl sterol with a 8 or 8 double bond and while such a-sterol (57) has not yet been encountered in nature, we predict that it will be found in due course. -An alternative biosynthetic reute to demethylgorgosterol (39) could be visualized through attack by SAM at C-22 of brassicasterol (41) 13, 36) in the plant kingdem for the existence of an isomerase, which converts cyclopropanes into allylically unsaturated methyl groups -a typical example being the generation of obtusifoliol (63) from cycloeucalenol (62) .
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If such an isomerase system could also operace on cyclopropanes or the gorgosterol (38) and demethylgorgosterol (39) type~ then it is likely that'these cyclopropanes are active:intermediates in the biosynthetic introduction of methyl groups at C-22 and C-23. For instance, o~0(~2~duct of the action of such an isomerase upon demethylgorgosterol (~) would be the ß _-23,24-dimeth~lcholesterol side chain (61) , which might then be transformed to the knownß 22 (42) and ß 2 (43) isomers. If such an-isomerase does not exist, then these cyclopropanes are either products of metabolic side reactions (i.e. alternative proton loss from key carbonium intermediates such as 55a and 59) or serve for a particular and as yet undetermined biological function. Appropriate radioactive labeling experiments are required to settle these questions.
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Now that alkylation at C-22 and C-23 has been demonstrated through the isolation of.a variety of relevant marine sterols, it is not obvious why a 24-methyl group is usually also present. (53) and which leads to (iso)fucosterol (5) Very minor or trace levels of sterols with conventional cholesterol nuclei but with biosynthetically unusually short hydrocarbon side ch&ins, e.g. containing less than the eight carbon atoms expected for squalene cyclization products, are present in the extracts of a wide range of marine organisms. In a recent article (Ref. 55) , we have considered in detail the structure determination, synthesis, distribution and possible origins of the short side chain marine sterols; therefore, we will discuss this class of compounds only briefly.
Unlike the interesting keto or dihydroxy low molecular weight steroids recently isolated from marine sources (Refs. 56, 57), the c 19 -c 25 sterols possess all the structural requirements to be included under the classical defin~tion with that class of structural membrane constituents referred to as sterols. However, recent studies (Refs. 58, 59) 
58, 59
). Therefore, the well known c 26 and 27-nor c 27 marine sterols must be considered as a class separate from the c 19 -c 25 minor marine sterois.
CONCLUSION
The first phase of marine sterol chemistry -the isolation of novel "missing links" in various hypothetical biosynthetic schemes -is by no means over and many important structural types predicted (Ref. 1) earlier are yet to be found in nature. The secend phase -biochemical verification through appropriate labeling experiments -has already started, because there are already enough plausible biosynthetic hypotheses available that lend themselves to biochemical verification or refutation. The lower marine organisms (e.g. dinoflagellates) are likely to be better substrates for such tracer studies than the higher animals (e.g. coelenterates, sponges, etc.), because uncertainty about endosymbiont and food chain contributors is minimized. The third and ultimately most important phase -determination of the possible biological function of these ~iquely marine sterols -has hardly been touched. 
